Magnetization and electron spin resonance (ESR) studies on polycrystalline, powder, and ultrafine powder samples of the Haldane gap material N i(C 3 H 10 N 2 ) 2 N 3 (ClO 4 ) (NINAZ) have revealed several effects. The magnetization measurements, coupled with the precise determination of the g value of the end-chain spin S by ESR, confirm that the end-chain spins are S = 1/2 * permanent address:
and show no evidence for even/odd chain length effects. In addition, the ESR signals reveal spectral weight consistent with a model describing interactions between the magnetic excitations on the chain and the end-chain spins.
76.30.-v, 75.10.Jm, 75.50 -y Typeset using REVT E X Since Haldane's suggestion [1] of an energy gap in the spin excitation spectrum for integer spin Heisenberg antiferromagnetic chains, significant progress has been made in experimentally and theoretically understanding these systems. The Haldane gap has been observed in a myriad of S = 1 materials [2] [3] [4] [5] [6] [7] [8] [9] [10] , and one S = 2 system [11] . Theoretically, the valence bond solid (VBS) model [12] provides a physically intuitive picture of S = 1 antiferromagnetic chains. One interesting prediction is that the chains should terminate with end-chain spins of S = 1/2. The presence of these end-chains was experimentally confirmed by electron spin resonance (ESR) in samples of Ni(C 2 H 8 N 2 ) 2 NO 2 (ClO 4 ) (NENP) doped with both magnetic [13] and non-magnetic impurities [14] . Later, magnetic susceptibility, χ(T ), of a pure single crystal measured down to 400 µK, showed evidence for chains on the length of the crystal domains [15] . Some questions have been raised by specific heat measurements using pure and doped powder samples of Y 2 BaNiO 5 [16] . These results have been interpreted to suggest that the end-chain spins are S = 1 for chains with even numbers of spins and S = 1/2 for chains with odd numbers of spins [16] . These even/odd chain length effects should be present in very short chains, but numerical work for chains with 60 [17] and 65 [18] spins shows no difference in the staggered magnetization. In many instances, nonmagnetic dopants are used to increase the end-chain spin concentration [14, 16, [19] [20] [21] [22] [23] , but unfortunately, doped samples have their limitations. For example in NENP doped beyond ∼ 0.5%, the dopant no longer breaks chains by direct substitution [24] . Even in materials with a non-magnetic isomorph (e.g. Ni(C 4 H 6 N 2 ) 2 (C 2 O 4 ) [20] ), doping beyond a certain level is nonlinear with respect to the number of observed end-chain spins. Furthermore, dopants cause slight changes in the magnetic environment of the covalently bonded Ni and may generate subtle line shifts and splittings in the ESR spectra.
The S = 1 Heisenberg antiferromagnetic chain material Ni(C 3 H 10 N 2 ) 2 N 3 (ClO 4 ) (NINAZ) [3] circumvents doping difficulties because it shatters while passing through a structural phase transition at ∼ 285 K [25] , thereby producing end-chain spins without doping. This picture evolved from a comparison of χ(T ) measurements [3, 25, 26] made on a variety of samples which all displayed paramagnetic tails of the same size, thereby implying that they were intrinsic to the samples [26] . Furthermore, a magnetic field, H, greater than 30 T is required to close the Haldane gap [7] , and consequently the application of H = 5 T to saturate the end-chain spins at 2 K will not appreciably affect the Haldane state. These properties of NINAZ enable us to make magnetic measurements that explain important open experimental questions and confirm fundamental theoretical predictions about quantum spin chains.
Two different batches of NINAZ were prepared according to the procedure of Gadet et al. [25] as modified by Chou [27] . Each of these batches produced large blue single crystals. The room temperature crystal structure [27] was found to be consistent with the one proposed by Gadet et al., exhibiting a Ni−Ni distance of a = 5.849Å [25] . Both the high temperature and low temperature structural phases of NINAZ exist with a coincident chain axis. Furthermore, a changes by thermal contraction alone [10, 25] . Therefore, the structural transition does not cause dimerization of the chain. The magnetic properties of NINAZ have been measured by several groups [3, 7, 25, 26] , and neutron scattering measurements [10] have provided a direct measurement of the intrachain exchange energy J = 125 K, the Haldane gap ∆ = 41.9 K, the single-ion anisotropy D = 21 K, and the spin wave velocity c = 1.3 × 10 5 m/s. Since the nascent crystals shattered upon cooling but remained oriented, these specimens are referred to as polycrystalline samples. To increase the number of endchain spins, two techniques were used to grind the samples. Initial grindings used a pestle and mortar to produce a sample referred to as powder. Subsequent grindings, using a standard ball mill, produced a sample referred to as ultrafine powder. Centripetal sedimentation was used to characterize the grain size for powder and ultrafine powder samples (inset of Fig. 1 ).
Finally, inductively coupled plasma mass spectrometry indicated that the level of extrinsic magnetic impurities was no greater than a few parts per billion for any of the three sample types.
Both macroscopic and microscopic magnetic measurements were used to characterize the properties of the end-chain spins in all three types of samples. For macroscopic studies, magnetization, M, as a function of H up to 5 T at T = 2 K was measured using a commercial SQUID magnetometer. Our use of the M(H, 2 K) data ensures that the Haldane state is fully developed instead of being thermally smeared as it is in a full analysis of our χ(2 K ≤ T ≤ 300 K) data. This analysis, which is consistent with the results reported previously [26] and herein, will be provided elsewhere [28] . The microscopic probe of X-band ESR was performed with a commercial system tuned to a resonance frequency ν = 9.25 GHz and operating down to T = 4 K. The polycrystalline sample was mounted on a quartz rod, while powder and ultrafine powder samples were loaded into a quartz tube. A homemade goniometer was used for sample rotation. The solid lines are fits using
where B 1/2 (gµ B H/k B T ) and B 1 (gµ B H/k B T ) are the Brillouin functions, and N 1/2 and N 1 are the concentrations of S = 1/2 and S = 1 spins, respectively [29] . Table I Consequently, we conclude all the end-chain spins are S = 1/2.
For our ESR work, the spectra were integrated at a variety of temperatures. Typically, the area under the integrated curve is used as an intensity measure. However, the peak shape is determined by the end-chain spins and by the interaction of magnetic excitations (bosons) with the end-chain spins. The combination of these two effects, as temperature is varied, causes the area under the integrated curve to be disproportionate to the intensity.
Therefore, we used the central peak height as a measure of the intensity. Mitra, Halperin, and Affleck [30] have studied the ESR spectrum for finite length chains, and they attribute the intensity of the main peak to end-chain spins belonging to chains without bosons. More specifically, the temperature dependence of this intensity is
where I 0 is the T = 0 intensity, λ T is the de Broglie thermal wavelength of a boson, L 0 is the average chain length, and L min is the minimum possible chain length [30] . Figure 1 shows the temperature dependence of the intensity for the powder and ultrafine powder specimens and the results of fits using Eq. 2 with L min = 60 ± 20 sites. Excellent agreement exists between the data and the fits, resulting in average chain lengths of 1600 ± 50 sites (∼ 0.9 µm) for the powder and 920 ± 50 sites (∼ 0.5 µm) for the ultrafine powder.
Comparison with the particle size analysis (inset of Fig. 1 ) confirms that the pestle and mortar grinding process only slightly reduces the average chain length when compared to the polycrystalline material [26] , whereas ball milling produces chains of a length consistent with the particle size.
A detailed study of the line shapes reveals two interesting physical phenomena. In 
Using the materials parameters cited previously, δE ≈ 100 mT for the powder sample and ≈ 300 mT for the ultrafine powder sample. These estimates of δE are two orders of magnitude too large to explain the line widths shown in Fig. 3 . Consequently, similar to NENP [30] , this mechanism has not been observed in our study of NINAZ [31] . The second interesting effect is seen in the multiple ESR peaks of the polycrystalline sample. The polycrystalline line is the superposition of two strong peaks, the main one at 307.3 ± 0.2 mT and the other at 318.4 ± 0.4 mT. The 307 mT line is due to the end-chain spins as its g value is the same as the single line in the powder and ultrafine powder data. The following arguments lead us to the conclusion that the 318 mT peak originates from a few chain links greatly weakened, but not completely broken, by the shattering process. First, the intensity of this peak depends both on the number of times the sample is cycled through the structural transition as well as the crystal used, suggesting that this peak is a consequence of the shattering process. Second, there is no possibility that this peak originates from S = 1 spins because the single-ion anisotropy pushes the allowable S = 1 transitions beyond the X-band frequency regime. Another potential explanation for additional ESR lines could be the presence of external magnetic impurities which are present in the nascent samples.
However, as mentioned previously, impurity analysis of all the specimens has placed the upper limit of extrinsic impurities at the parts per billion level. On the other hand, order of magnitude estimates of the number of end-chain spins from our ESR data, calibrated against DPPH, are consistent with the values obtained from our M(H, 2 K) data which reveal spin concentrations at the level of a few tenths of a percent. A fourth explanation might be subtle changes in the magnetic environment due to chemical differences at surface sites or a dipolar interaction with a nearby end-chain spin. To examine this possibility,
we rotated the polycrystalline sample around its chain axis. If the additional lines were due to different magnetic sites, one would expect them to shift with orientation. However, within our experimental resolution, there is no movement of the lines. To confirm that our resolution was sufficient to observe such an effect, we performed a similar measurement on a polycrystalline sample doped with 0.5% Hg (inset Fig. 3 ). This sample exhibited several additional lines that moved with the angle of rotation, but the lines at the same g values as the undoped specimens did not shift, thereby indicating that different magnetic sites are within our resolution. The only remaining explanation is an interaction between a few spins whose bonds were greatly weakened, but not completely severed, in the shattering process.
In conclusion, our studies of the end-chains of NINAZ have experimentally confirmed fundamental theoretical predictions about quantum spin chains. First, our magnetization measurements confirm the presence of S = 1/2 end-chain spins and rule out the possibility of an even/odd chain length effect. Second, our ESR studies reveal spectral weight arising 
